OBJECTIVES: Inflammatory bowel diseases (IBD), comprised of Crohn's disease (CD) and ulcerative colitis (UC), are characterized by a complex pathophysiology that is thought to result from an aberrant immune response to a dysbiotic luminal microbiota in genetically susceptible individuals. New technologies support the joint assessment of host-microbiome interaction. METHODS: Using whole genome sequencing and shotgun metagenomics, we studied the clinical features, host genome, and stool microbial metagenome of 85 IBD patients, and compared the results to 146 control individuals. Genetic risk scores, computed on 159 single nucleotide variants, and human leukocyte antigen (HLA) types differentiated IBD patients from healthy controls. RESULTS: Genetic risk was associated with the need for use of biologics in IBD and, modestly, with the composition of the gut microbiome. As compared with healthy controls, IBD patients had hallmarks of stool microbiome dysbiosis, with loss of a diversified core microbiome, enrichment and depletion of specific bacteria, and enrichment of bacterial virulence factors. CONCLUSIONS: We show that genetic risk may have a role in early risk stratification in the care of IBD patients and propose that expression of virulence factors in a dysbiotic microbiome may contribute to pathogenesis in IBD.
INTRODUCTION
The interaction between host genes and stool microbiome composition may contribute to the pathogenesis as well as clinical presentation of inflammatory bowel diseases (IBD); however, this relationship is incompletely understood. Genome-wide association studies (GWAS) have identified dozens of loci and genes associated with IBD. 1, 2 Although some genetic loci are unique to Ulcerative Colitis (UC) or to Crohn's Disease (CD), the majority are associated with both types of IBD. 1 While the absolute effect of each genetic variant on the risk of IBD is quite small, GWAS inform the understanding of the pathogenesis of IBD and underscore the importance of the interaction between the host and the microbial community. [1] [2] [3] Several studies have shown that there is a significant reduction in the diversity of the stool microbiome of individuals with IBD; [4] [5] [6] furthermore, this reduction in diversity has been shown to occur early in the course of Crohn's disease in a pediatric population, suggesting that the dysbiosis may not only be an effect of IBD but also contribute to ongoing pathogenesis. 4, 5, [7] [8] [9] The microbiota of patients with IBD is characterized by depletions in bacteria with anti-inflammatory effects, including Bifidobacterium adolescentis, Faecalibacterium prausnitzii and other butyrate producing bacteria, and an expansion in pathogenic bacteria (pathobionts), including Proteobacteria such as adherent-invasive Escherichia coli. 8, 10, 11 A recent study demonstrated in a large cohort of IBD patients that disease location was also a significant determinant of the microbiome. 12 Technological advances in sequencing and data analysis have transformed the ability to sequence host genomes and microbiomes as well as metagenomes. Shotgun metagenomics enhances resolution of detecting and characterizing bacterial strains as compared to 16S ribosomal DNA sequencing [13] [14] [15] and allows for the assessment of non-bacterial components of the microbiome, including fungi, viruses, and archaea.
We compared the host genome and microbiome in 83 wellcharacterized IBD patients to those from 146 representative population controls using whole genome sequencing of both the host and the stool microbiome. This study reveals novel associations between host genetic risk, stool microbiome, and clinical features of inflammatory bowel disease, demonstrating the power and value of technological advances in sequencing.
METHODS
Study population IBD cohort. Patients with a diagnosis of CD or UC who were seen at the University of California, San Diego at the Inflammatory Bowel Disease Center were recruited and consented into the IBD Biobank. Each patient's clinical phenotype was assessed by an IBD specialist to define disease subtype (UC or CD), location, and phenotype (Table 1) . Clinical data were collected prospectively, and phenotypes were confirmed by an IBD specialist physician. Missing values were imputed using missForest. 16 The study participants provided written informed consent, and the study was approved by the Institutional Review Board of University of California, San Diego. All metadata are presented in Supplementary Table S1 . We used principal component (PC) analysis to analyze the clinical metadata that include disease phenotype, current and prior treatments, disease activity and location, and complications as well as relevant covariates. Controls. We enrolled active healthy adults 418 years old (without acute illness, activity-limiting unexplained illness or symptoms, or known active cancer) able to come to the Health Nucleus in La Jolla, CA, for on-site data collection including whole genome, microbiome, and other testing. The study participants provided written consent and the research protocol was approved by the Western Institutional Review Board.
Human genome and microbiome sequencing. Blood sample (approximately 10 mL) was collected from each subject for DNA extraction. The whole genome sequencing was carried out at Human Longevity, Inc., San Diego. Next Generation Sequencing library preparation was carried out using the TruSeq Nano DNA HT kit (Illumina Inc.) as described previously (Supplementary Materials) for sequencing on Illumina HiSeq X. More details can be found in Telenti et al.
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For microbiome analysis, participants collected stool samples at home, aliquoted, and frozen at − 80C until DNA isolation. Nextera XT libraries were prepared manually and sequencing was performed on an Illumina HiSeq 2500 as described previously (Supplementary Materials). Microbiome sequence data were processed as previously described. 18 Non-human reads were mapped to Human Longevity's reference genome database, a collection of~11 900 genomes of bacteria, archaea, viruses, and eukaryotes downloaded from NCBI GenBank including both complete and draft genomes. After read mapping, an in-house implementation of an expectation maximization algorithm 19 was used to process the reads that were ambiguously mapped to multiple genomes to estimate the relative genome abundance (RGA). The genome coverage, which is the total length of mapped reads divided by the reference genome length, was calculated for each reference genome based on the expectation maximization's assignment of reads to genomes. Open reading frames (ORFs) were predicted from genome scaffolds using MetaGene 20 and were compared against the virulence factors database VFDB 21 to identify virulence factor genes with over 90% sequence identity.
Genetic risk of IBD. The IBD genetic risk was estimated from the whole-genome sequence data of the IBD patients and Human Longevity population based on the single nucleotide polymorphisms (SNPs) reported to be significantly associated with IBD. 2 SNPs that had p-value45e-8 or were inconsistent between human reference genome versions hg19 and hg38 were excluded from calculation of the genetic risk. A total of 159 SNPs were incorporated in the estimation of the IBD risk (Supplementary Table S2 ). HLA class I and II four-digit typing was done from short read whole genome sequencing using the xHLA algorithm.
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Association between host genetics, clinical parameters and microbiome. Associations between the clinical metadata and the IBD genetic risk were tested using regression analysis under a generalized linear model. Smoking, gender, and age were included as covariates. Associations between the stool microbiome taxonomic abundance (represented by the principal components) and the IBD genetic risk types were tested using logistic regression under a generalized linear model with binomial distribution, including the sex, age, ancestry, and diagnosis (UC or CD) as covariates. Sensitivity analysis was performed that excluded patients with early IBD onset (age of diagnosis o18), use of antibiotics, and J pouch.
Additional statistical analyses. For dimensionality reduction of the clinical and microbiome profiles, Principal Component Analysis (PCA) was performed using the R function`prcomp`. For differential taxonomic abundance of the microbiome, pairwise non-parametric Mann-Whitney U test was performed using the R function`wilcox.test`then the resulted P-value was corrected for multiple testing using the R function`p.adjust`.
RESULTS
Clinical characteristics of IBD patients. The study included 85 patients with a diagnosis of UC (n = 45) or CD (n = 40) ( (Table 1 and Supplementary Table S1 ). PC1 describes the separation between CD and UC ( Figure 1 ). The major clinical parameters contributing to PC1 were UC-and CD-specific characteristics. The UC-related characteristics included anatomic degree of colonic involvement at the time of diagnosis and current involvement based on the Montreal classification. 23 The CD-associated features included anatomic location of CD based on Montreal classification system and disease behavior defined as inflammatory, stricturing, and penetrating at the time of diagnosis as well as current location and behavior. The main factors contributing to PC2 included factors indicating disease activity, including presence of active endoscopic disease, clinical symptoms of IBD, C-reactive protein, albumin, and steroid use. PC3 was influenced by certain clinical features that can be associated with severity of IBD, including prior IBD-related hospitalization, number of hospitalizations, age at diagnosis, upper gastrointestinal involvement, area of involvement on diagnosis in UC, recurrent Clostridium difficile infection, and chronic pouchitis. IBD Genetic Risk. Analysis of host genetic risk was performed by computing on 159 SNPs known to be significantly associated with IBD genetic risk in a recent large GWAS analysis. 2 The genetic risk was found significantly elevated in the IBD participants compared to that of a large population (n = 10,545) of individuals without a diagnosis of IBD, 17 p-value = 5.6e-10 ( Figure 2a ). The various SNPs used in the calculation of the genetic risk score did not discriminate individuals with UC from those with CD (Supplementary Figure S1) .
Human Leukocyte Antigen (HLA) types have been previously associated with genetic risk in IBD based on large genome-wide studies. 1, [24] [25] [26] We therefore investigated the association between HLA class I and II and IBD in the study. (Figure 2b ). Sensitivity analysis excluding early onset IBD, use of antibiotics, and J pouch confirmed the effect of genetic risk (Supplementary Figures) . The HLAs we identified as being associated with IBD have been previously reported. [24] [25] [26] Genetic risk correlated with the use of biologics in IBD. Specifically, patients with IBD who were biologic-naïve had the lowest genetic risk scores. Patients treated with tumor necrosis factor (TNF) antagonists, considered the first-line biologic for moderate to severely active IBD, had higher genetic risk scores as compared to biologic-naïve patients. Individuals treated with other more recently approved biologics for IBD, including vedolizumab, an alpha-4 beta-7 integrin antagonist, and ustekinumab, an anti-IL-12/23 p40 antagonist, had the highest genetic risk scores. Though the number of patients was small (n = 5), all of the patients clinically responded to these 2nd line agents supporting their clinical use (Figure 3a) . Similarly, patients treated with the newest biologics carried a greater proportion of HLA alleles associated with IBD. We built a logistic model to assess the independent contributions of genetic risk computed from 159 variants and the IBD-associated HLA alleles ( Table 2) . The model retained HLA-DRB1*01:03, CD diagnosis and genetic risk as statistically significant. HLA-DRB1*01:03 also associated with some manifestations of disease activity (perianal disease, P-value = 0.007; antibiotic use, P-value = 0.003; and trend association for hospitalization, P-value = 0.08) using the same regression models. In summary, genetic risk and HLA alleles may have a role in risk stratification and may also predict the need for second-line therapies in IBD.
Microbiome
Microbiome dysbiosis in IBD. 83 microbiome samples (out of 85) successfully passed quality control assessments. The total number of reads per sample ranged from 10 to 68 million reads with a median of 25 million reads for the IBD patients (83 samples), compared to a range of 10 to 60 million reads and median of 18 million reads for the healthy controls (146 samples).
Metagenomic sequencing of IBD patients revealed hallmarks of microbiome dysbiosis with a general reduction in diversity of the microbial community compared to healthy controls (Figure 4a) . Strikingly, although 29 bacterial species were shared among 100% of the healthy controls, not a single species was universally shared among IBD patients. Furthermore, among species prevalent in 90% of subjects, 78 bacterial species were shared among the healthy controls, but only 4 bacterial species were shared among the IBD patients. The common bacterial species present in the large majority of healthy controls (Supplementary Table. S3) may represent an important common core of bacteria that are central to maintaining homeostasis and health.
Consistent with prior studies describing dysbiosis in IBD patients, bacterial diversity was significantly reduced in IBD patients compared to the healthy controls, as measured by the Simpson diversity index, p-value = 8.3e-05 (Figure 4b ). Sensitivity analysis excluding early onset IBD, use of antibiotics, and J pouch demonstrated a consistent effect on diversity (Supplementary Figures) . Overall, these data reflect a destruction of a core and diversified microbiome in the setting of IBD. Microbiome taxonomic profile in IBD. To characterize the composition of the microbiome in IBD, we first conducted a principal component analysis of the microbial abundances. PC1 indicated a significant separation between healthy controls and the IBD study population, p-value = 3.6e-7 (Figure 5a) .
Analysis of the loadings of the first principal component identified the most enriched taxa in IBD patients as compared to healthy controls. The enriched taxa were primarily Proteobacteria (e.g., Escherichia and Klebsiella). In contrast, the most depleted taxa in IBD patients as compared with controls were Bacteroidetes (e.g., Alistipes and Barnesiella) and Firmicutes (e.g., Faecalibacterium, Oscillibacter, Agathobacter, Ruminococcus) (Figure 5b ). Microbiome taxa that are statistically different in IBD patients and healthy controls are presented in Supplementary Figure S2 . We also examined the relationship between genetic risk and microbiome composition in IBD and healthy control individuals. We observed a weak correlation between genetic risk and the microbiome taxonomic composition (Supplementary Figure S3) . Metagenomics has expanded the ability to detect not only microbial communities, but also to provide insight into functional effects of the microbial composition in IBD. In particular, metagenomics allows the investigation of the distribution of virulence factors across the microbiome which has not been systematically studied or previously reported in IBD. We observed a greater prevalence of virulence factors from E. coli in IBD patients. Virulence factors from Clostridium perfringens were only present in patients with IBD and undetectable in healthy controls. Overall, virulence factors were identified in 51% of the CD patients and 26% of the UC patients (~39% of the IBD patients) as compared to 14% of the healthy controls. The most prevalent virulence factors that were identified among the IBD cohort are Enterotoxin (senB) (22%), Haemoglobin protease (vat) (17%), Hemolysin A (hlyA) (11%), Hemolysin B (hlyB) (10%), Hemolysin C (hlyC) (10%), Hemolysin D (hlyD) (10%), Cytotoxic necrotizing factor 1 (cnf1) (10%), invasion protein IbeA (ibeA) (9%), Secreted autotransporter toxin (sat) (8%), and Tir domain containing protein TcpC (tcpC) (8%). Thus, expression of virulence factors in a dysbiotic microbiome may contribute to pathogenesis in IBD ( Figure 6 ).
DISCUSSION
Recent advances in sequencing and data analysis have transformed our understanding of the human genome and microbiome, and the complex interaction with clinical phenotype is slowly being unraveled (Figure 7 ). High throughput of metagenomes is also proving to be more valuable than 16S rRNA sequencing which has become widely accepted in the human microbiome field. Using metagenomics data from wellcharacterized cohort of IBD patients and healthy controls, we confirm the presence of a striking dysbiosis in IBD based on diversity indices for bacteria. The dysbiosis in IBD was characterized by enrichment of bacteria that are not commonly present in healthy controls and depletion of taxa and species that are typically present in most healthy controls. In particular, we observed the depletion of a core microbiome an expansion of virulence factors in IBD patients that may facilitate overgrowth of potentially pathogenic bacteria, although we cannot exclude the possibility that the therapies used to treat IBD may have contributed to these observations.
Our results confirm prior studies identifying depletions in specific phylum and bacterial species that have been shown to play beneficial roles in maintaining homeostasis in the colon. Specifically, our data confirmed a reduction in the firmicutes phylum in IBD, 12, 27, 28 and also support prior observations that butyrate-producing species are depleted in IBD patients as compared to healthy controls. Faecalibacterium, an anaerobe which has been associated with ameliorating colitis in mouse models, was depleted in our cohort, as has been consistently shown in multiple recent studies. 8, 29, 30 In addition, Roseburia, a butyrate-producer, was also depleted in our cohort, consistent with prior studies. 9, 29 Alistipes, a bile tolerant organism that is enriched in individuals on animal-based diets, 31 was among the most significantly depleted bacteria in our IBD cohort. Alistipes has been shown to be depleted in elderly patients hospitalized with C. difficile in colitis. 32 Overall, these findings, in conjunction with prior studies, underscore the importance of butyrate-producing bacteria that help provide energy and maintain homeostasis in colonic epithelial cells.
The IBD microbiome appears to be enriched in Enterobacteriaceae; specifically, enrichment in E. coli is consistent with findings in the RISK cohort of pediatric patients with early Crohn's disease. 8 Enterobacteriaceae may contribute to the enrichment in virulence factors in the IBD cohort that we observed in the present study. To our knowledge, this finding has not been previously reported, due to inability of 16S rDNA sequencing to capture information on virulence factors. Thus, our findings suggest the intriguing possibility that virulence factors may play a significant role in modifying and exacerbating the effect of dysbiosis in patients with IBD.
While the increased genetic risk based on known SNPs and HLA alleles associated with IBD cohort is not novel, our finding of a correlation between genetic risk and need for biologics as well as escalation to second-line biologics in patients with IBD offers new potential insight into strategies for risk stratification of patients with IBD. This observation will require further validation in prospective studies, particularly given that similar results have not emerged from large genetic consortium studies. Individuals with higher genetic risk were more likely to fail conventional therapies and required use of biologics with clinical success. Despite the limited number of individuals in the study, we also observed an association between genetic risk and microbiome composition. Our findings suggest that genetic risk scores may provide early risk stratification to identify those patients who may benefit from early escalation of management to modify their disease course.
A limitation of the study is the small number of patients compared to prominent reports from recent genetic consortia. 25, 26 To maintain our sample size, we included a range of patients with IBD, including pediatric onset and those with prior colonic resections, with the goal of identifying distinct subtypes of IBD in a descriptive manner through the visualization of clinical metadata. Notably, Cleynen et al 25 included nearly 30 000 patients with inflammatory bowel disease and identified differences between subtypes that could not be detected in our study. Lee JC et al 26 examined extreme phenotypes in over 2,500 Crohn's disease patients with genotype arrays. Poor-prognosis was defined as individuals who had frequent flares, treatment refractory disease based on the need for ≥ 2 immune modulators, or multiple bowel surgeries. With this approach, they identified genetic susceptibility loci but not loci associated with prognosis. While our study was not powered to refute the findings of prior studies, we notice that not only genetic risk, but also HLA class II coincide in the association with need for biologics.
Our analysis of the fecal microbiome, rather than that of the mucosal-associated microbiome, may be a second limitation of our study. Gevers et al 8 has shown that the fecal microbiome may be less sensitive in measuring dysbiosis especially early in the course of IBD. Though our cohort had well-established IBD, the stool microbiome and metagenomics may miss more subtle and relevant changes in the mucosal-associated microbiome which may play a critical role in the pathophysiology of IBD. [33] [34] [35] Additional studies using intestinal biopsies will be needed to understand the mucosalassociated changes in the microbiome and metagenome.
Thus, using host whole genome sequencing and shotgun metagenomic sequencing of the microbiome in a cohort of IBD patients, we were able to confirm prior observations about genetic risk as well as dysbiosis in the stool microbiome of patients with IBD. In addition, we show that genetic risk may have a role in an early stratification strategy in the care of IBD patients and that expression of virulence factors in a dysbiotic microbiome may contribute to pathogenesis. 
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Study highlights
WHAT IS CURRENT KNOWLEDGE ✓ Genome-wide association studies have revealed numerous genetic loci associated with inflammatory bowel diseases (IBD).
✓ The microbiome in individuals with IBD is characterized by dysbiosis.
✓ The interaction between genetics and microbiome is complex and remains incompletely understood at this time.
WHAT IS NEW HERE ✓ Technologic advances in sequencing have greatly enhanced the resolution to analyze the microbiome, enabling greater detection and characterization of microbial communities compared to 16S ribosomal DNA sequencing.
✓ Genetic risk, assessed using whole genome sequencing, is associated with the need for use of biologics and escalation to 2nd line biologics for treatment of IBD. ✓ Shotgun metagenomic analysis of the microbiome in IBD patients reveals enrichment of bacterial virulence factors compared to healthy controls. ✓ Genetic risk scores based on whole genome sequencing and shotgun metagenomics microbiome sequencing may be used to stratify patients and individualize treatment strategies for patients with IBD.
